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The ING (irnhibitor of growth) protein family includes a group of homologous nuclear proteins that share a
highly conserved plant homeodomain (PHD) finger domain at their carboxyl termini. Members of this family
are found in multiprotein complexes that posttranslationally modify histones, suggesting that these proteins
serve a general role in permitting various enzymatic activities to interact with nucleosomes. There are three
members of the ING family in Saccharomyces cerevisiae: Ynglp, Yng2p, and Pho23p. Ynglp is a component of
the NuA3 histone acetyltransferase complex and is required for the interaction of NuA3 with chromatin. To
gain insight into the function of the ING proteins, we made use of a genetic strategy to identify genes required
for the binding of Ynglp to histones. Using the toxicity of YNG1 overexpression as a tool, we showed that Ynglp
interacts with the amino-terminal tail of histone H3 and that this interaction can be disrupted by loss of lysine
4 methylation within this tail. Additionally, we mapped the region of Ynglp required for overexpression of
toxicity to the PHD finger, showed that this region capable of binding lysine 4-methylated histone H3 in vitro,
and demonstrated that mutations of the PHD finger that abolish binding in vitro are no longer toxic in vivo.
These results identify a novel function for the Ynglp PHD finger in promoting stabilization of the NuA3

complex at chromatin through recognition of histone H3 lysine 4 methylation.

Chromatin structure can be regulated by the addition of
posttranslational modifications to histones, including acetyla-
tion, methylation, phosphorylation, and ubiquitination. These
modifications are thought to function by creating docking sites
for factors which alter chromatin structure (27, 58). Consistent
with this, several protein motifs have been identified that me-
diate the selective interaction of transcription-regulating com-
plexes with specific histone modifications. The first such iden-
tified motif is the bromodomain, which preferentially interacts
with acetylated histones (7, 10, 24, 49, 50, 65). Bromodomains
are found in a number of protein complexes, including com-
ponents of the basal transcription machinery and chromatin
remodeling complexes (20, 41), which may explain, in part,
how histone acetylation can facilitate transcription. Bromodo-
mains are also found in a number of histone methyltrans-
ferases, suggesting that histone acetylation can mediate histone
methylation (6). The ability of one histone modification to
recruit another histone-modifying enzyme is a common recur-
ring theme in chromatin research.

A second motif which has been shown to bind modified
histones is the chromodomain, which preferentially interacts
with methylated lysines (19, 52). Chromodomains are found in
proteins involved in both the activation and silencing of tran-
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scription, consistent with the role of histone methylation in
both events (31). Similar to bromodomains, chromodomains
are found in chromatin remodeling complexes, histone acetyl-
transferases, and histone methyltransferases (6). As opposed
to recognizing methylated lysine, some chromodomains act as
DNA or RNA binding modules, and thus, not all chromodo-
main-containing proteins are methyl-histone binding proteins.
Similarly, not all methyl-histone binding proteins contain a
chromodomain. Recent studies have shown that proteins con-
taining WD40 repeats, tudor, and MBT domains can also spe-
cifically interact with methylated histones (23, 30, 63). Addi-
tionally, other protein complexes which lack these domains
have been shown to bind specifically to methylated histones,
but the subunits which mediate these interactions are not yet
known. These include the Iswlp chromatin remodeling com-
plex and the NuA3 histone acetyltransferase complex (40, 55).
Thus, it is highly likely that there are unidentified motifs which
can mediate the interaction of chromatin modifying factors
with posttranslationally modified histones.

The ING (inhibitor of growth) protein family includes a
group of homologous nuclear proteins found in most eu-
karyotes (21). The first member of the ING family, human
INGI, was discovered in a screen designed to identify genes
whose expression was suppressed in cancer cells (16). It was
subsequently shown that overexpression of ING1 inhibits cell
growth and induces apoptosis, while expression of an antisense
construct promotes transformation of cell lines and tumor for-
mation in vivo (15, 17). Expression analyses of several tumor
types show that ING1 is either mutated or down-regulated in
many forms of cancer (18). Since the initial characterization of
INGI, four other human homologs, ING2 to 5, have been
identified through sequence homologies, with the greatest ho-
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mology occurring within a PHD (plant Aomeodomain) finger
domain at the carboxyl termini of the proteins (21). PHD
fingers are found in many proteins involved in chromatin-
mediated gene regulation, including the CBP/p300 acetyltrans-
ferases (3), the ACF chromatin remodeling complex (26), and
the Drosophila melanogaster polycomblike protein (48). Con-
sistent with this, all five human ING proteins have been
reported to associate with a diverse group of histone acetyl-
transferases (HATSs) and/or histone deacetylase complexes
(HDAG:). ING1 and ING2 are components of two related
Sin3/HDAC1/2 complexes (9, 34, 57) while ING3, ING4,
and INGS are found in MYST-type HAT complexes (9, 10).

There are three members of the ING family in Saccharomy-
ces cerevisiae: Ynglp, Yng2p, and Pho23p (37). Expression of
human INGI in yeast suppresses phenotypes associated with
loss of YNG2, suggesting that YNG2 and ING1 have a con-
served function (37). Like their mammalian counterparts, the
yeast ING proteins are associated with multiprotein complexes
that posttranslationally modify histones. Ynglp and Yng2p are
associated with the NuA3 and NuA4 HAT complexes, respec-
tively (22, 37, 46), while Pho23p is found associated with the
Rpd3L HDAC complex (4, 38). Although none of these ING
proteins are required for the structural integrity of their re-
spective complexes, data suggest that both Ynglp and Yng2p
are required for the ability of their complexes to acetylate
nucleosomal substrates (5, 22, 46). Moreover, Ynglp is re-
quired for interaction of the NuA3 complex with nucleosomes
in vitro (22). These data support the hypothesis that members
of the ING protein family serve general roles in permitting
various enzymatic activities to interact with nucleosomes and
facilitate histone posttranslational modifications.

To understand the function of ING proteins in the post-
translational modification of histones, we made use of a ge-
netic strategy to identify genes required for the binding of
Ynglp to histones. Using an assay based on the toxicity of
YNG1 overexpression, we showed that Ynglp interacts with
the amino-terminal tail of histone H3 and that this interaction
can be disrupted by loss of lysine 4 methylation within this tail.
The toxicity of YNGI overexpression is dependent on the
Ynglp PHD finger, which we demonstrated can directly bind
lysine 4-methylated histone H3 tails in vitro. We have previ-
ously shown that the binding of NuA3 to chromatin is regu-
lated by methylation of histone H3 lysine 4 but were unable to
confirm that this interaction was direct, as opposed to medi-
ated by an auxiliary factor. These results confirm that the
interaction of NuA3 with MeH3K4 is mediated by the PHD
finger of Ynglp, suggesting a novel function for this motif.

MATERIALS AND METHODS

Yeast strains, plasmids, and genetic methods. All strains used in this study
(Table 1) are isogenic to S288C. Yeast culture and genetic manipulations were
carried out using standard protocols (2, 39, 53). Genomic deletions or epitope
tag integrations were verified by PCR analysis. The strains carrying the histone
H3 tail deletion and the lysine 4- and 36-to-arginine mutations were derived by
plasmid shuffle from FY2162 (11). This strain carries deletions of the HHTI-
HHFI and HHT2-HHF?2 loci and carries HHT2-HHF2 on a URA3 plasmid
(pHHT?2). Due to the fact that this strain and all strains derived from it carry a
wild-type version of HHF2 on a plasmid, for simplicity, the genotypes of these
strains will be referred to as hhtlA hht2A in the figures and figure legends. The
plasmid pHHT2 was constructed by ligation of the Spel fragment from pDM18
(11) into the Spel site of pRS414. phht2A3-29 was generated by ligating the
annealed phosphorylated oligonucleotides (5'-GATCCAAGCAAACACTCCA
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TABLE 1. Strains used in this study

Strain Genotype
FY2162................ MATa his3A200 leu2Al lys2-128A ura3-52 trpl A63
(hht1-hhf1)::LEU2 (hht2-hhf2)::HIS3 Ty9128 35::his4
Y2454 MATo mfal A::MFAIpr-HIS3 canlA ura3A0 leu2A0 his3A1
lys2A0
YDM126.............. MATa his3A200 leu2Al lys2-128Aura3-52 trpl A63
SAS3-3HA::HISMX6
YDMI127.....cccuene MATa his3A200 leu2Al lys2-128A ura3-52 trpl A63
SAS3-3HA::HISMX6 HTBITAP::TRP
YDMI137...coveuene MATa his3A200 leu2Al lys2-128A ura3-52 trpl A63
SAS3-3HA::HISMX6 HTBITAP::TRP yngl APHD::KAN
YDM138............... MATa his3A200 leu2Al lys2-128A ura3-52 trpl A63
SAS3-3HA::HISMX6 HTBITAP::TRP yngl::KAN
YDMI53.....coeune MATa his3A200 leu2Al lys2-128A ura3-52 trpl A63
SAS3-3HA::HISMX6 HTBITAP::URA set2::KAN
YLH101 ...MATa his3A200 leu2Al lys2-128A ura3-52 trpl A63
YLH203. MATa his3A1 leu2A0 met15A0 ura3A0 csp30:KAN
YLH204. MATa his3AI leu2A0 met15A0 ura3A0 csp50::KAN
YLH205. MATa his3A1 leu2A0 met15A0 ura3A0 dotl::KAN
YLH206. MATa his3AI leu2A0 met]1SAO ura3A0 rad6::KAN
YLH209. MATa his3AI leu2A0 met15A0 ura3A0 Igel::KAN

YLH211.
YLH220

MATa his3AI leu2A0 met15SA0 ura3A0 ylr177::KAN

..MATa his3A200 leu2Al lys2-128A ura3-52 trpl A63
setl::HISMX6

..MATa his3A1 leu2A0 met15A0 ura3A0 set2::KAN

MATa his3A200 leu2Al lys2-128A ura3-52 trp1 A63 gen5::TRP

..MATa his3A200 leu2Al lys2-128A ura3-52 trp1 A63

SAS3-3HA::HISMX6 HTBITAP::URA set2::TRP

yngl APHD::KAN

YLH298
YLH326.
YLH363

CAATGGCCAGACCATCTA-3" and 5'-CCGGTAGATGGTCTGGCCATTG
TGGAGTGTTTGCTTG-3') into the BamHI and Agel sites of pHHT2. All
other mutants were generated by PCR-mediated site-directed mutagenesis. The
plasmids pGALYNGI and pGALYNGIAPHD were generated by cloning the
YNGI and YNGIAPHD open reading frames into the BamHI sites of pGAL
(44). The pGALYNGIHA, pGALYNGIAPHDHA, pGALYNGI1Y157AHA,
pGALYNGI1D1724AHA, and pGALYNGIWI180AHA plasmids were constructed
by first incorporating a triple hemagglutinin (HA) tag along with the CYCI
terminator into the pGAL vector using Kpnl and Sall restriction sites, followed
by ligation of a wild-type or mutant YNG! open reading frame into the BamHI
and Sall sites. For recombinant expression of the Ynglp PHD finger as a
glutathione S-transferase (GST) fusion, the sequence corresponding to the
YNG1 PHD finger was ligated into pGEX and transformed into BL21(DE3) cells
for induction with isopropyl-p-p-thiogalactopyranoside (IPTG) and purification
with glutathione resin (Amersham Biosciences).

Synthetic dosage resistance genome-wide screen. The synthetic genetic array
(SGA) starting strain Y2454 (MATo mfal A::MFAIpr-HIS3 canl A ura3A0 leu2 A0
his3AI lys2A0) (61) was transformed with either pGALYNGI or pGAL (vector
control). The resulting query strains were mated to the MATa deletion mutant
array, and SGA methodology, previously described for plasmid-based synthetic
dosage lethal SGA screen (42), was used with the following modifications: (i)
medium lacking uracil was used to maintain the plasmids and (ii) the screen was
performed at 25°C. The genome-wide synthetic dosage resistance screen was
performed once, and all deletion mutant array strains that suppressed YNGI
toxicity were confirmed by reintroducing plasmids into each strain by means of
traditional yeast transformation methods.

Chromatin pull-down assay. The chromatin pull-down assay was performed
using yeast whole-cell extracts prepared from mid-log cells in IPP150 buffer (10
mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.1% NP-40, 1 mM phenylmethylsulfonyl
fluoride, 2 pg/ml pepstatin A) with 2 mM CaCl,. Input protein amounts were
normalized by Bradford protein assay, and 30 mg of protein was incubated with
25 pl of calmodulin affinity resin (Stratagene) for 2 h at 4°C with agitation. The
resin was washed three times with 1 ml of calmodulin binding buffer (10 mM
Tris-Cl, pH 8.0, 150 mM NaCl, 10 mM B-mercaptoethanol, 1 mM magnesium
acetate, 1 mM imidazole, 2 mM CaCl,, 0.1% NP-40), and the tandem affinity
purification (TAP)-tagged Htblp was eluted with four washes with calmodulin
elution buffer (10 mM Tris-Cl, pH 8.0, 150 mM NaCl, 10 mM B-mercaptoetha-
nol, 1 mM magnesium acetate, 1 mM imidazole, 2 mM EGTA, 0.1% NP-40) for
10 min each at 4°C. The resulting eluates were pooled and incubated with 10 .l
of immunoglobulin G Sepharose 6 Fast Flow resin (Amersham Biosciences).
Samples were rotated at 4°C for 2 h and the resin washed three times with 1 ml
of IPP150 buffer. Bound proteins were eluted by boiling in 50 pl of sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer and analyzed by
immunoblotting with anti-HA-peroxidase (Roche Diagnostics) or peroxidase
anti-peroxidase (Sigma-Aldrich) antibodies.

Peptide pull-down assays. Biotinylated histone peptides were from Upstate
Biotechnology or were synthesized at the Stanford PAN facility. To verify the
peptide concentrations, 0.5 pg of each peptide was spotted onto an Amersham
Hybond-C Extra membrane and allowed to dry overnight at room temperature
in the dark. The membrane was then probed with an anti-biotin antibody. For
pull-down assays, 1 pg of GST-Ynglpyp was incubated with 0.5 pg of biotinyl-
ated histone peptides in binding buffer (50 mM Tris-HCI, pH 7.5, 300 mM NaCl,
0.1% NP-40, 1 mM phenylmethylsulfonyl fluoride, plus protease inhibitors) for
4 h to overnight at 4°C with rotation. After a 1-h incubation with streptavidin
beads (Amersham Biosciences) and extensive washing, bound proteins were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blotting.

RESULTS

Ynglp interacts with the histone H3 tail in vivo. Ynglp is a
member of the ING protein family and a component of the
NuA3 histone acetyltransferase complex. Previously published
biochemical and genetic analyses demonstrated that, while
Ynglp is not required for the structural integrity of the NuA3
complex, it is important for NuA3 function (22). These data,
together with the fact that other ING proteins are also com-
ponents of histone-modifying complexes (9, 22, 34, 37, 38, 47,
57), led us to speculate that ING proteins mediate the inter-
action of various chromatin-modifying complexes with his-
tones. Consistent with this hypothesis, NuA3 purified from a
yngl A strain shows reduced interaction with chromatin recon-
stituted in vitro compared to NuA3 from a wild-type strain
(22). However, whether YNG1 is required for the interaction
of NuA3 with chromatin in vivo was unknown. We attempted
to address this issue using chromatin immunoprecipitation
analysis, but to date, we have been unable to reproducibly
chromatin immunoprecipitate any component of NuA3 to a
specific genomic locus. However, using a chromatin pull-down
assay, we were able to show that Sas3p, the catalytic subunit of
NuA3, interacts with chromatin in vivo, and that this interac-
tion is dependent on the amino-terminal tail of histone H3
(40). To determine whether this interaction is also dependent
on Ynglp, we fused a TAP tag to the carboxyl terminus of H2B
(Htb1p) to enable us to purify native chromatin and associated
proteins using a modified TAP protocol. Using wild-type and
yngl A strains that also expressed a triple-HA-tagged Sas3p, we
purified chromatin and performed anti-HA Western blot anal-
ysis for Sas3p. Immunodetection for TAP-tagged histone H2B
(Htb1TAP) was used as a loading control to ensure that we
were pulling down equal amounts of chromatin in each sample.
Consistent with previously published data (40), precipitation of
bulk chromatin coprecipitated Sas3p, indicating that this pro-
tein is indeed capable of binding chromatin (Fig. 1A, compare
lanes 1 and 2). However, when a similar experiment was per-
formed using a strain with a deletion of YNGI, there was
significantly less Sas3p in the precipitate (Fig. 1A, compare
lanes 2 and 3). The fact that the interaction of Sas3p with
chromatin is severely compromised in a yng/A strain indicates
that Ynglp is required for the interaction of the NuA3 com-
plex with chromatin in vivo.

To provide further support that Ynglp is capable of directly
interacting with histones, we developed a genetic approach. We
rationalized that if Ynglp is capable of interacting with histones
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FIG. 1. Ynglp interacts with the histone H3 tail in vivo. (A) Chro-
matin pull-down assays were performed on strains YDMI126,
YDM127, and YDM138, and the resulting samples were subjected to
Western blotting with peroxidase antiperoxidase (Htb1TAP) or anti-
HA antibodies (Sas3HA). (B and C) Tenfold serial dilutions of yeast
strains YLH101 (B) or FY2162 transformed with pHHT?2 or phht2A3-29
(C) containing the indicated plasmids were plated on synthetic com-
plete medium lacking uracil containing either dextrose or galactose as
a carbon source and incubated at 30°C for 3 days. (D) Normalized
amounts of whole-cell extracts from the indicated strains (FY2162
transformed with pHHT2 or phht2A3-29) transformed with
PGALYNGIHA and grown on galactose were subjected to Western
blotting with immunodetection for HA. +, present; —, absent.

in vivo, then an overabundance of Ynglp may be detrimental to
the cell due to the fact that it may interfere with the normal
regulation of chromatin structure. To test this possibility, we fused
the YNGI open reading frame (ORF) to the GALI promoter on
a URA3-based centromeric plasmid (pGALYNG1I). The plasmid
was introduced into wild-type yeast cells and the transformants
selected by growth on uracil dropout media with dextrose. A
plasmid carrying the GALI promoter but lacking the YNGI ORF
was used as a negative control (pGAL). Cells carrying the pGAL
and pGALYNG] plasmids were spotted onto uracil dropout me-
dia with either dextrose or galactose as a carbon source. Cells
containing the control plasmid grew well on both media, but cells
containing the pGALYNG] plasmid failed to grow on galactose,
indicating that overexpression of YNG! is toxic to the cell (Fig.
1B). Deletion of SAS3 did not rescue the Ynglp toxicity, indicat-
ing that this phenotype is due to an overabundance of Ynglp
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alone and not aberrant targeting of NuA3 HAT activity (data not
shown).

We have previously shown that the interaction of NuA3 with
chromatin is dependent on the amino-terminal tail of histone
H3 (40). If the Ynglp toxicity is due to the interaction of
overabundant Ynglp with the H3 tail, then deletion of this tail
should rescue the toxicity. To test this, we introduced the
pGAL and pGALYNG] plasmids into strains which carried a
plasmid-borne copy of HHT?2 as the only source of histone H3
expression in the cell. Cells with a plasmid expressing full-
length histone H3 failed to grow on galactose when carrying
the pGALYNG]1 plasmid. However, cells expressing histone
H3 with a truncation of amino acids 3 to 29 were resistant to
YNGI overexpression, suggesting that the Ynglp toxicity is
dependent on the H3 tail (Fig. 1C). To confirm that the rescue
of the Ynglp toxicity was not due to a GALI transcription
defect in the hht2A3-29 strain, we took advantage of the fact
that the addition of an HA tag to the carboxyl terminus of
Ynglp suppresses the toxicity of this protein. This enabled us
to measure the relative levels of Ynglp in wild-type and mu-
tant strains. Figure 1D shows that deletion of the H3 tail had
no impact of the levels of Ynglp, suggesting that the rescue of
the Ynglp toxicity seen upon deletion of the H3 tail was not
due to a GAL transcription defect. Thus, the facts that YNG1
is toxic when overexpressed and that this toxicity can be res-
cued by deletion of the H3 tail suggest that Ynglp is directly
interacting with the H3 tail in vivo.

Ynglp toxicity is dependent on lysine 4 methylation of his-
tone H3. Both biochemical and genetic experiments suggest
that Ynglp serves as a histone binding protein which binds the
amino-terminal tail of histone H3. The histone amino-terminal
tails are subjected to numerous posttranslational modifica-
tions, and these modifications are thought to regulate the bind-
ing of chromatin-modifying factors to histones (27, 58). We
have previously shown that the binding of the NuA3 complex
to chromatin is dependent on either the methylation of histone
H3 lysine 4 by the Setlp methyltransferase or methylation of
H3 lysine 36 by the Set2p methyltransferase (40). However, the
absence of a chromo, WD40-repeat, tudor, or MBT domain in
any of the NuA3 subunits suggests that these interactions may
be mediated by an unidentified auxiliary factor. To determine
how the binding of Ynglp to chromatin is regulated, we per-
formed a synthetic dosage resistance screen for mutants that
are resistant to YNGI overexpression. This screen used SGA
methodology to introduce the pGALYNG1 plasmid into the set
of 4,700 viable haploid deletion mutants. YNG1 overexpression
was induced on galactose-containing medium, and a synthetic
dosage resistance phenotype was scored by comparing growth
of the deletion mutant overexpressing YNG1 to the vector control
plasmid pGAL. Mutant strains which tested positive for resis-
tance were retransformed with the pGAL and pGALYNGI
plasmids and retested using standard plating (Fig. 2A). Two
genes were identified that, when deleted, conferred resistance
to YNG1 overexpression: YLR177w and LGE]. The function of
YLRI77w is unknown, but LGEI is required for RAD6-depen-
dent ubiquitination of histone H2B and is also involved in
regulating gene expression in a pathway independent of RAD6
(25, 33, 66). To determine whether the requirement of LGE!
for Ynglp toxicity was dependent on H2B ubiquitination, we
sought to determine whether rad6A strains also showed resis-
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FIG. 2. Ynglp toxicity is rescued by loss of the COMPASS histone
methyltransferase complex. Tenfold serial dilutions of yeast strains
YLH101, YLH211, and YLH209 (A) and YLH101, YLH206, YLH220,
YLH203, YLH204, YLH298, and YLH205 (B) containing the indicated
plasmids were plated on synthetic complete medium lacking uracil con-
taining either dextrose or galactose as a carbon source and incubated at
30°C for 3 days.

tance. Figure 2B shows that, similar to a /ge/A mutant, the
growth of a rad6A mutant is not inhibited by aberrant expres-
sion of YNGI, suggesting that it is loss of H2B ubiquitination
that confers resistance to YNGI overexpression.
Ubiquitination of H2B is required for di- and trimethylation
of lysine 4 of histone H3 by the SETI-dependent COMPASS
complex (8, 43). This, when taken together with the fact that
Ynglp toxicity is dependent on the H3 tail, may suggest that
the resistance to Ynglp toxicity seen in a rad6A mutant is an
indirect effect of loss of H3 K4 methylation. To address this, we
tested the susceptibility of set/A mutants to Ynglp toxicity as
well as strains carrying deletions of CSP30 and CSP50, other
genes which encode subunits of the COMPASS complex. Fig-
ure 2B demonstrates that loss of any gene required for H3 K4
methylation provides resistance to Ynglp toxicity, suggesting
that Ynglp requires this methylation mark to bind chromatin.
In contrast, the growth of set2A, dot1A, or genSA strains (Fig.
2B and data not shown), which lack methylation of H3 K36
(59), methylation of H3 K79 (14, 35, 45, 62), or acetylation of
H3 K09, 18, 23, and 27, respectively (32, 60), is inhibited by
overexpression of Ynglp, suggesting that Ynglp can still bind
chromatin in the absence of these modifications. As a final
confirmation that H3 K4 methylation is required for Ynglp to
bind chromatin, we examined Ynglp toxicity in a strain in
which lysine 4 of histone H3 had been mutated to an arginine.
Figure 3A demonstrates that, similar to mutations that disrupt
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FIG. 3. The interaction of Ynglp with histone H3 is dependent on
lysine 4. (A) Tenfold serial dilutions of yeast strain FY2162 trans-
formed with pHHT?2, phht2K4R, or phht2K36R containing the indi-
cated plasmids were plated on synthetic complete medium lacking
uracil containing either dextrose or galactose as a carbon source and
incubated at 30°C for 3 days. (B) Normalized amounts of whole-cell
extracts from the indicated strains (FY2162 transformed with pHHT2 or
phht2K4R) transformed with pGALYNGIHA and grown on galactose
were subjected to Western blotting with immunodetection for HA.

the COMPASS complex, mutation of lysine 4 confers resis-
tance to Ynglp toxicity, further confirming the importance of
this residue for the binding of Ynglp to chromatin. In contrast,
mutation of histone H3 lysine 36 to arginine did not rescue the
growth of cells overexpressing Ynglp, indicating that this res-
idue does not interact with Ynglp. Once again, we were able to
confirm that the growth of the lysine 4 mutant on galactose was
not due to a transcription defect of the GALI promoter by
demonstrating that there are equal levels of YnglHA in the
wild type versus the K4R mutant (Fig. 3B).

The Ynglp PHD finger is required for histone binding.
Members of the ING family contain a PHD finger domain
within their carboxyl termini (21). This zinc finger-like motif is
found in various proteins involved in chromatin-mediated gene
regulation (1), and several studies have implicated PHD fin-
gers in mediating the interaction of chromatin-modifying fac-
tors with histones (12, 54). Indeed, the Yng2p PHD finger is
required for full activation of NuA4-dependent genes, suggest-
ing that this motif is required for some aspect of HAT complex
function (46). Despite the intriguing possibility that the Ynglp
PHD finger mediates the interaction of NuA3 with chromatin,
we have previously demonstrated that Ynglp lacking the PHD
domain is still able to rescue phenotypes associated with loss of
YNG1, suggesting that this region of the protein is not required
for the function of the NuA3 complex (22). Consistent with
this, a chromatin pull-down assay performed on YNGI and
yngl APHD strains showed no significant requirement for the
Ynglp PHD finger for the interaction of Sas3HA with
Htb1TAP (Fig. 4A, compare lanes 2 and 3). However, we have
also previously shown that NuA3 can interact with chromatin
that is methylated at lysines 4 or 36, and loss of both methyl
marks is required to abolish the binding of NuA3 to chromatin
(40). Thus, the fact that loss of the Ynglp PHD finger alone
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FIG. 4. The Ynglp PHD finger is required for histone binding.
(A) Chromatin pull-down assays were performed on strains YDM126,
YDM127, YDM137, YDM153, and YLH363, and the resulting sam-
ples were subjected to Western blotting with peroxidase antiperoxidase
(Htb1TAP) or anti-HA antibodies (Sas3HA). (B) Tenfold serial dilutions
of yeast strain YLH101 containing the indicated plasmids were plated on
synthetic complete medium lacking leucine containing either dextrose or
galactose as a carbon source and incubated at 30°C for 3 days. (C) Nor-
malized amounts of whole-cell extracts from wild-type yeast strains
(YLH101) carrying a pGALYNGIHA (lane 1) or pPGALYNG1APHDHA
(lane 2) plasmid and grown on galactose were subjected to Western
blotting for HA. +, present; —, absent.

does not disrupt NuA3 function does not rule out the possi-
bility that this domain mediates interaction with methylated
histone H3 lysine 4, since a failure to bind methylated lysine 4
would be compensated for by binding of NuA3 to methylated
lysine 36. To provide support for this hypothesis, we repeated
the chromatin pull-down assays using strains lacking Set2p, the
histone H3 lysine 36 methyltransferase. Figure 4A shows that,
in the absence of SE72, the PHD finger of Ynglp is crucial for
the binding of Sas3HA to chromatin (compare lanes 4 and 5).
This result suggests that the PHD finger of Ynglp does medi-
ate the interaction of NuA3 with histones but is redundant with
the interaction of an independent component of NuA3 with
methylated histone H3 lysine 36. Additionally, the fact that the
Ynglp PHD finger is only required for chromatin binding in a
set2A strain, whereas loss of the entire YNGI ORF disrupts
chromatin binding in a SET2 strain, suggests that Ynglp has
two independent domains: a carboxyl-terminal PHD finger
which binds lysine 4-methylated histone H3 and an amino-
terminal domain which is required for some aspect of NuA3-
chromatin interaction, which cannot be compensated for by
interaction of NuA3 with histone H3 methylated at lysine 36.

If the PHD finger of Ynglp mediates the interaction of this
protein with histones, then an overabundance of Ynglp lack-
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FIG. 5. The Ynglp PHD finger binds lysine 4-methylated histone
H3. (A and B) Histone peptide binding assays were performed with the
indicated biotinylated peptides and purified GST-Yng1PHD. Shown
are Western blots of peptide-bound GST-YnglPHD protein with GST
antibodies. Input lanes represent 10% of the GST protein used in the
pull-down assays. (C) Five hundred nanograms of biotinylated histone
peptides was spotted onto membranes and immunodetected with an-
tibiotin antibodies. —, absent.

ing the PHD finger should not result in growth inhibition.
Figure 4B demonstrates that overexpression of YNGIAPHD is
not toxic, further supporting the fact that the PHD finger is
required for Ynglp to bind nucleosomes. To show that Ynglp
lacking the PHD finger is stably expressed, we used immuno-
blot analysis to demonstrate that HA-tagged Ynglp and
YnglAPHD are present in similar amounts in yeast whole-cell
extracts (Fig. 4C, compare lanes 1 and 2). These data, when
taken together with the fact that histone H3 K4 methylation is
required for Ynglp to bind chromatin, suggests that the PHD
finger of Ynglp may be a methyl-histone binding module that
specifically recognizes H3 K4 methylation.

The Ynglp PHD finger binds lysine 4-methylated histone
H3. To determine whether the Ynglp PHD finger is capable of
directly interacting with lysine 4-methylated histone H3, we
expressed the Ynglp PHD finger as a GST fusion in bacteria
and examined the binding of this protein to unmodified and
methylated histone H3 peptides (H3 residues 1 to 21) bound to
beads. Figure 5A shows that while the Ynglp PHD finger
failed to interact with unmodified peptides, it was able to
interact with peptides that were mono-methylated at lysine 4
(Fig. 5A, compare lanes 2 and 3). This interaction was further
enhanced when the peptides were di- or trimethylated (com-
pare lane 3 with lanes 4 and 5). To determine whether the
Ynglp PHD finger specifically recognizes methylated lysine 4,
as opposed to other methyl marks, we examined the binding of
the Ynglp PHD finger to peptides corresponding to histone
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FIG. 6. The toxicity of YNGI overexpression correlates with the
level of Ynglp-triMeH3K4 binding. (A) Schematic representation of
Ynglp (open bar), the Yngl PHD finger (black bar), the coordinating
cysteines and histidine residues of the PHD finger (underlined), and
the residues subjected to mutation (highlighted). (B) Histone peptide
binding assays were performed with the indicated biotinylated peptides
and purified wild-type and mutant versions of GST-YnglPHD. Shown
are Western blots of peptide-bound GST-YnglPHD proteins with
GST antibodies. Input lanes represent 10% of the GST protein used in
the pull-down assays. (C) Tenfold serial dilutions of yeast strain
YLH101 containing the indicated plasmids were plated on synthetic
complete medium lacking uracil containing either dextrose or galac-
tose as a carbon source and incubated at 30°C for 3 days. (D) Nor-
malized amounts of whole-cell extract from a wild-type yeast strain
(YLH101) carrying plasmids expressing the indicated HA-tagged ver-
sions of Ynglp from a GALI promoter and grown on galactose were
subjected to Western blotting for HA.

H3 methylated at lysine 36 (H3 residues 21 to 44) or 79 (H3
residues 67 to 89). Figure 5B shows that the Ynglp PHD finger
failed to interact with these peptides regardless of the level of
methylation, suggesting that the Ynglp PHD finger specifically
recognizes H3 K4 methylation. Figure 5C shows the relative
levels of each peptide used as determined by dot immunoblot-
ting with anti-biotin antibodies. Unfortunately, due to the re-



VoL. 26, 2006

duced charge of the H3 (67 to 89) peptides, these peptides do
not bind the membrane as well as the H3 (1 to 21) and H3 (21
to 44) peptides, resulting in a weaker signal. To further verify
the amount of peptide used, the concentrations were also as-
sayed using a Bradford protein assay.

As a final confirmation that Ynglp specifically binds meth-
ylated H3 K4 in vivo, we sought to determine whether muta-
tions which disrupt the Ynglp-triMeH3K4 peptide interaction
in vitro alleviate YNG1 toxicity. ING2, a mammalian homolog
of Ynglp, has also been shown to interact with triMeH3K4
peptides, and residues Y215, D230, and W238 of this protein
are important for peptide binding (51, 56). We created alanine
substitutions of the corresponding residues in Ynglp (Fig. 6A)
and tested the mutants for binding to triMeH3K4 peptides and
for inhibition of growth when overexpressed. Mutation of
D172 and W180 to alanine totally abolished the binding of the
Ynglp PHD finger to triMeH3K4 peptides, while residual
binding was still observed in the Y157A mutant (Fig. 6B).
Consistent with this, overexpression of the D172A and W180A
mutants in yeast had no effect on cell growth compared to
vector alone, and mutation of Y157 to alanine resulted in
minor growth inhibition (Fig. 6C). Immunoblot analysis of
yeast whole-cell extracts demonstrated that the wild type and
mutant versions were present at comparable levels in the cell
(Fig. 6D). The close correlation between the effect of the
various Ynglp mutations on triMeH3K4 peptide binding in
vitro and overexpression toxicity indicates that the Ynglp
PHD finger is binding lysine 4-methylated histone H3 in vivo.
This is consistent with previously published data that H3 K4
methylation is required for NuA3 function (40) and suggests a
novel function for the Ynglp PHD finger.

DISCUSSION

We have previously shown that NuA3 requires either the
methylation of lysine 4 or 36 of histone H3 to bind chromatin
(22, 40). However, the NuA3 subunit or subunits that mediate
these interactions was unknown, and the possibility existed that
the interaction of NuA3 with methylated histone H3 is medi-
ated by an auxiliary factor. The results of this study demon-
strate that Ynglp, a subunit of NuA3, is capable of directly
interacting with lysine 4-methylated histone H3. Overexpres-
sion of YNG1 inhibits cell growth, and this toxicity is depen-
dent on methylation of lysine 4 on the histone H3 tail. Fur-
thermore, mutations within Ynglp that disrupt the interaction
of this protein with methylated histone H3 peptides in vitro
alleviate the toxicity of YNGI overexpression in vivo. These
results confirm that NuA3 directly interacts with lysine 4-meth-
ylated histone H3 via the Ynglp subunit.

The ability of Ynglp to act as a methyl histone binding
protein is unusual in that this protein does not contain chromo,
WD40-repeat, tudor, or MBT domains, which are found in
other proteins that bind methylated histones (6). The toxicity
of YNG1 overexpression is dependent on the PHD finger of
Ynglp, suggesting that it is this motif which is responsible for
binding lysine 4-methylated histone H3. Moreover, the PHD
finger of Ynglp shows preferential interaction in vitro with
histone H3 peptides that have been methylated on lysine 4,
confirming that the Ynglp PHD finger is a methyl-histone
binding module. PHD fingers are found in multiple complexes
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that regulate chromatin structure; however, the function of the
majority of these domains is unknown. The PHD fingers of
the p300 histone acetyltransferase and ACF1, a subunit of
an ATP-dependent nucleosome remodeling complex, are re-
quired for these proteins to bind histones (12, 54), but whether
this binding is dependent on the methylation state of the his-
tones was not investigated. However, the fact that the binding
of the ACF1 PHD fingers to histones was not dependent on
the presence of the histone tails argues against this possibility
for ACF1 (12). The ability of the Ynglp PHD finger to bind
lysine 4-methylated histone H3 therefore represents a novel
function for this motif.

The high conservation of the PHD fingers within the ING
family proteins has led many to speculate that these domains
share a common ligand, and thus, it is possible that other
members of the ING family also specifically interact with lysine
4-methylated histone H3. Recent work has shown that the
NuA4 HAT complex requires H3 lysine 4 and lysine 36 meth-
ylation for interaction with the MET16 and RPS11B promoters
(43). NuA4 contains Eaf3p, a chromodomain protein which
has been shown to interact with methylated lysine 36 (4, 13, 28,
29); however, the subunit that mediates interaction with meth-
ylated lysine 4 is not known. The results of this study suggest
that this interaction may be mediated by the ING protein,
Yng2p. This has been confirmed by parallel studies showing
that the PHD fingers of all ING proteins bind lysine 4-meth-
ylated histone H3 (51, 56). Since ING proteins are found in
both HAT and HDAC complexes, histone H3 lysine 4 meth-
ylation could conceivably allow both HAT and HDAC activi-
ties to bind chromatin. Alternatively, lysine 4 methylation may
act in a combinatorial fashion with other histone modifications
to recruit or retain different chromatin-modifying complexes to
different regions of the genome. For example, maximum bind-
ing of the NuA3 HAT complex to chromatin requires methyl-
ation of lysines 4 and 36. Interestingly, another subunit of
NuA3, Ntolp, also contains a PHD finger, suggesting the pos-
sibility that histone H3 lysine 36 methylation is recognized
by the Ntolp PHD finger. Recent studies have also shown that
the PHD finger of the NURF (nucleosome remodeling factor)
mediates the interaction of this complex with lysine-methyl-
ated histone H3 tails (36, 64). Whether other PHD fingers bind
methylated histones and whether they show specificity for
methylation of H3 K4 or other methylation marks will be the
subject of future study.
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